Cochlear implants partially restore hearing via direct electrical stimulation of spiral ganglion neurons (SGNs). However, spread of excitation from each electrode limits spectral coding. We explored the use of optogenetics to deliver spatially restricted and cell-specific excitation in the cochlea of adult Mongolian gerbils. Adeno-associated virus carrying the gene encoding the light-sensitive calcium translocating channelrhodopsin (CatCh) was injected into the cochlea of adult gerbils. SGNs in all cochlea turns showed stable and long-lasting CatCh expression, and electrophysiological recording from single SGNs showed that light stimulation up to few hundred Hertz induced neuronal firing. We characterized the light-induced activity in the auditory pathway by electrophysiological and behavioral analysis. Light-and sound-induced auditory brainstem responses showed similar kinetics and amplitude. In normal hearing adult gerbils, optical cochlear implants elicited stable optical auditory brainstem responses over a period of weeks. In normal hearing animals, light stimulation cued avoidance behavior that could be reproduced by subsequent acoustic stimulation, suggesting similar perception of light and acoustic stimuli. Neurons of the primary auditory cortex of normal hearing adult gerbils responded with changes in firing rates with increasing light intensity. In deaf adult gerbils, light stimulation generated auditory responses and cued avoidance behavior indicating partial restoration of auditory function. Our data show that optogenetic cochlear stimulation achieved good temporal fidelity with low light intensities in an adult rodent model, suggesting that optogenetics might be used to develop cochlear implants with improved restorative capabilities.
INTRODUCTION
About 360 million people suffer from disabling hearing impairment (HI) (1) . HI hampers communication and often causes social isolation, depression, and reduction in professional capabilities. Sensorineural HI is the most common form of hearing loss; it results from cochlear dysfunction or degeneration typically involving loss of sensory hair cells. Hearing aids and electrical cochlear implants (eCIs) provide partial re s toration of hearing for sensorineural HI. The eCI bypasses dys functional or lost cochlear hair cells via direct electric stimulation of spiral ganglion neurons (SGNs) and provides most of about 500,000 users with open speech comprehension (2) (3) (4) . One of the goals of current CI research is to increase the coding of spectral information that is very limited in eCIs because of wide spread of current around each electrode contact (5) . The resulting channel crosstalk limits the number of useful frequency channels to less than 10 and explains why eCI users suffer from poor speech comprehension in noisy environments. Increasing the frequency resolution of coding has been explored using multipolar stimulation, intraneural electrodes, engineered outgrowth of neurites toward eCI contacts, and stimulation by optical CI (oCI) (6) (7) (8) (9) (10) (11) (12) .
A first proofofprinciple study on optogenetic SGN stimulation used transgenic mice and rats and prenatal adenoassociated virus (AAV)-mediated gene transfer to mouse SGNs and demonstrated activation of the auditory pathway up to the inferior colliculus and a lower spread of cochlear excitation for fiberbased oCI than for mono polar eCI (12) . However, much remains to be carried out to further develop, characterize, and optimize oCIs on their way toward potential clinical translation. Critically, a postnatal approach for manipulating SGNs across all cochlear turns needs to be established. Moreover, although oCI has been shown to improve frequency re solution com pared to eCI, this seemed to be traded in for poorer temporal fidelity of oCI coding (12) . Higher temporal fidelity of oCI coding might be achieved by using faster channelrhodopsins (ChRs) such as Chronos, which has already been tested for optogenetic stimulation of the audi tory brainstem, or the recently developed ChR2 variant CatCh (cal cium translocating ChR). CatCh seems to support rapid repolarization due to enhanced Ca 2+ influx recruiting more large conductance Ca 2+ activated K + channels and might thus be of interest for oCI coding (13) (14) (15) (16) . Finally, although mice and rats are often the species of choice in preclinical studies, testing oCI in other species with a hearing system more closely resembling human condition is critical to understand the translational potential of oCIs.
Here, we established AAVmediated expression of CatCh in SGNs of adult Mongolian gerbils and characterized optogenetic stimulation by electrophysiology and behavioral analysis. The gerbil is of particular in terest for preclinical studies of oCI because, in contrast to other rodents, its hearing extends to the low frequency range used by the human ear 
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and its cochlea is relatively large (only about 2.5fold smaller than the human cochlea). We demonstrate that optogenetically driven activity achieves good temporal fidelity. Using chronic oCIs, we show the re liability of optogenetic stimulation over weeks and find that it potently cues avoidance behavior. We characterize the response of single neurons of the auditory cortex to oCI stimulation. Finally, we show that oCI re stores some auditory function in a gerbil model of ototoxic deafness.
RESULTS

Optogenetic manipulation of the adult spiral ganglion via direct modiolar AAV-CatCh injection
We first tested the transfection properties of Chronos and CatCh using various administration routes in adult gerbils ( fig. S1A ). Compared to the strong abundance of CatCh in the plasma membrane of SGNs, Chronos showed a more intracellular expression pattern and did not evoke optically evoked auditory brainstem responses (oABRs) ( fig. S1 , B and C); therefore, we decided to use AAV2/6 carrying CatCh linked to the reporter protein enhanced yellow fluorescent protein (eYFP) under control of the human synapsin promoter for injections into the modiolus of adult gerbils (8 to 19 weeks of age; Fig. 1A ). We adapted a retroauricular approach previously used to graft neural precursor cells (17) . We approached the spiral ganglion from the bulla using a fine dental file bypassing the scala tympani to inject 2 to 3 l of AAV CatCh suspension (Fig. 1, B to D) .
The number of SGNs and their expression of CatCheYFP were analyzed by confocal microscopy of immunolabeled midmodiolar cryosections 4 to 12 weeks after injection in animals that showed functional response to optical stimulation (46%, 44 of 96 injected animals). CatCheYFP expression was limited to SGNs of the in jected ear, which showed prominent labeling in the plasma mem brane of somata and neurites all the way to the inner hair cells (IHCs; Fig. 1E ). SGNs of all three cochlear turns (apex, mid, and base) were transduced to a similar extent (on average, about 30%; Fig. 1F ). A mild loss of SGNs across all turns was observed in the injected cochlea (about 25%, significant in comparison with the right noninjected side, P < 0.001; Fig. 1G ). A similar extent of SGN loss was also found in AAVCatCh-injected ears that largely lacked CatCh expression (about 35 %, significant in comparison to the right noninjected side, P = 0.006), suggesting that the SGN loss likely resulted from damage caused by the pressure injection into the fixed volume of Rosenthal's canal housing the SGNs ( fig. S2 ).
Characterization of optical activation of the auditory pathway by auditory brainstem responses
To characterize the lightinduced activation of the auditory pathway, we first recorded oABRs using fibercoupled laser stimulation 4 to 12 weeks after AAVCatCh injection ( Fig. 2A) . Blue light stimula tion through a cochleostomy in the middle cochlear turn or through the round window evoked oABRs in AAVCatCh-injected animals ( Fig. 2B and fig. S3 ). Optical stimulation induced one to four peaks in the ABR, which likely reflected the synchronous activation of CatCh expressing SGNs (first peak) and the downstream auditory pathway (subsequent peaks). oABR amplitudes varied between animals and were positively correlated with the fraction of CatChexpressing SGNs . Although the average threshold of acutely measured oABRs amounted to 4.6 mW (±2.8 mW; n = 14), stimuli as weak as 1 to 2 mW (duration, 1 ms; rate, 10 Hz; 1 to 2 J per pulse) were sufficient to drive oABRs in some animals. In 8 of 20 animals, oABR amplitudes increased with light intensity rising over more than an order of magnitude. The response did not plateau in the majority of animals (75% without a plateau) such that we could only approximate an apparent dynamic range from the stimulus amplitude functions, which amounted to 16.02 ± 6.14 dB. The latency of the first oABR peak was 0.95 ± 0.17 ms. Analyzing oABR in response to different stimulus durations, we found that oABRs could be elicited by stimuli as short as 200 s (fig. S4, E and F). Analysis of the dependence of oABRs on the stimulus rate (duration, 1 ms; intensity, 21 to 32 mW) showed that increasing stimulus rate reduced oABR amplitude and prolonged latency; however, oABRs remained sizable up to stimulus rates of at least 200 Hz (Fig. 2 , E to G, and fig. S4 , G and H). Quantitative comparison of acoustically evoked ABR (aABR) from unrelated, noninjected gerbils and oABR data with the highest laser intensity possible at our setup (~30 mW) showed similar amplitudes with clicks of 40dB peak equivalent sound pressure level (SPL), whereas larger amplitudes of aABRs evoked by clicks of 50 to 70 dB exceeded those of oABRs (Fig. 2, H to J, and fig. S5A ). Latencies of oABRs were significantly shorter than for aABRs evoked by clicks even at 80dB SPL (P < 0.0001; fig. S5B ).
p1n1 amplitude declined, and p1 latency increased with increasing stimulation rate for both oABR and aABR (Fig. 2, L and M) . To evaluate the magnitude of the effect of stimulation rate on ABR am plitude, we measured the p1n1 amplitude ratio measured at 150Hz over 10Hz stimulation rate. For aABR, the ratio amounted to 0.39 ± 0.15, indicating a 2.5fold reduction (mean ± SD; n = 13 gerbils). For oABR, the ratio was 0.67 ± 0.37, indicating a 1.5fold reduction (mean ± SD; n = 20 gerbils). Together, these results suggest that the CatChmediated optogenetic coding achieves a temporal fidelity similar to that of acoustic coding on the neural population level.
Electrophysiological characterization of optical activation of single SGNs
To further validate the CatChmediated SGN stimulation and scrutinize the temporal fidelity of stimulation, we performed juxtacellular re cordings in vivo from individual SGNs during blue light stimulation from an optical fiber inserted through the round window (18) . To maximize the chances to record SGNs, we inserted the electrode under visual control directly into the auditory nerve. At 10 Hz, 20 of 29 SGNs fired one spike to each laser pulse; the remaining nine SGNs responded with multiple spikes (2.6 ± 0.68 spikes per pulse), suggesting the pres ence of two separable clusters of SGNs (Fig. 3, A and B) . The first spike elicited by each pulse in a 10Hz train was significantly more synchronized to the stimulus for the SGNs responding with a single spike (jitter, 0.26 ± 0.49 ms) than for the multiple spike-responding SGNs (jitter, 1.66 ± 1.49 ms; P ≤ 0.01; Fig. 3C ). Raster plots and peristimulus time histogram in response to light pulse trains of 10, 100, and 300 Hz are shown for both a representative single spike (Fig. 3, D to F) and a representative multiple spike unit (Fig. 3 , G to I). Light pulses triggered spikes with substantial temporal precision as evident from high vector strength (0.85 ± 0.07) up to a stimulus rate of 100 Hz (Fig. 3J) . At higher repetition rates, vector strength dropped to 0 for most SGNs and remained low but significant in some SGNs (average vector strength for all SGNs above their cutoff frequencies: 0.1 ± 0.06; P < 0.001; Rayleigh test). The vector strength of non transduced SGNs in response to acoustic click trains revealed phase locked responses up to the highest tested rate (500 Hz; Fig. 3J , black dashed line, and fig. S6 ). The highest frequency leading to synchro nized responses to optical stimulation was 100 Hz for most of the single spike-responding SGNs (Fig. 3K ). On average, the maximal frequency eliciting synchronized responses to optical stimulation was significantly higher for multiple spike-responding SGNs (242.8 ± 127.2 versus 121.4 ± 57.7 Hz, P ≤ 0.001; Fig. 3L ). In contrast, opto genetically driven single spike-responding SGNs increased their dis charge rate up to 100 Hz, followed by a drop to ~0 spikes/s at higher rates, whereas multiple spike-responding SGNs also sustained the response for higher rates (Fig. 3M) . Above 100 Hz, the discharge rate of multiple spike-responding SGNs to light pulse trains was compa rable to acoustic click trains (Fig. 3M , black dashed line). At repetition rates of ≥100 Hz, single spike-responding SGNs preferentially showed phasic responses (adaptation ratio, ≥10; n = 12 of 15 cells), whereas multiple spike-responding SGNs fired in a tonic fashion (adaptation ratio, <10; n = 9 of 9 cells; Fig. 3N ). These recordings directly demon strate opto genetic SGN excitation and corroborate the ABR results indicating substantial temporal fidelity with optogenetic stimulation.
Chronic oCI development and electrophysiological characterization
To study a possible percept elicited by optogenetic SGN stimulation, we developed and implanted a chronic fiberbased single channel oCI in gerbils 4 to 8 weeks after AAVCatCh or phosphatebuffered saline (PBS only) injection (Fig. 4A) . Functionality of the oCI was 4 of 12 monitored by regular oABR recordings (every other day during the first week after surgery and once a week afterward), eliciting stable responses in AAVCatCh-injected but not PBSinjected animals [AAVCatCh, n = 7; PBS, n = 5 (two of these five animals have been implanted and measured chronically); Fig. 4B ]. Chronic oCI pro duced stable and reliable responses more than 3 weeks in all gerbils. Two animals were continuously tested until after behavioral ex periments and showed stable responses for more than 100 days (Fig. 4C) . oABR amplitudes were similar between the last day of behavioral testing and the day after surgery (1.33 ± 0.86 V after surgery, 0.99 ± 0.42 V after behavioral testing, P = 0.14; n = 7), indicating a largely stable physiological response over time ( fig. S7A ). The mean oABR threshold 24 hours after chronic oCI surgery was 6.9 ± 2.46 mW and was significantly elevated compared to oABRs measured in acute experiments [4.6 ± 2.8 mW; n = 7 (for chronic) and 14 (for acute measurements); P = 0.038; fig. S7 , B and C]. How ever, thresholds decreased over time, and 3 weeks after implanta tion, the responses were comparable to acute experiments (4.7 ± 2 mW, P = 0.44; fig. S7C ). The position of the implanted fiber relative to the spiral ganglion was investigated with xray tomography of the cochlea (19) . In these studies on five postmortem specimen, the aperture always pointed slightly off the central axis of the modiolus (Fig. 4D and fig. S8 ). Therefore, the optical fiber was not optimally orientated toward the SGNs. (N) Adaptation ratio as a function of the number of spikes per light pulse in response to 10-Hz light pulse train. A color scale is used to represent the repetition rate. Data are expressed as mean ± SEM, and the statistical difference between groups were tested by Mann-Whitney U test (***P ≤ 0.001).
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Behavioral assessment of chronic oCI To test whether the electrophysiological responses triggered by optical stimulation had functional effects on behavior, we chose the shut tlebox paradigm of negative reinforcement learning (Fig. 5, A to C) . The test has been successfully used for auditory studies in gerbils and uses mild electrodermal stimulation of the paws to reinforce crossing a barrier to a safe compartment upon a sensory target stimulus (20) . To adapt the animals to the arena without risk of damage to the oCI, we performed one session with acoustic click trains (Fig. 3D ). This session was followed by subsequent optogenetic training. Gerbils learned to react to optogenetic stimuli over roughly a week, typically reaching more than 80% hit rate on day 6 of the daily training pro gram (Fig. 5E ). Spontaneous crossing during nontarget trials (inter spersed trials without cue stimuli and negative reinforcement) occurred in typically 20% of these trials. Our results showed that learning strictly required opsin expression by SGNs: Response rates for target and nontarget trials did not differ in PBSinjected animals, although they were stimulated with relatively strong light pulses (10 ms × 30 mW = 300 J). Hit rates of AAVCatCh-injected animals broke down upon blocking the light path in the ferrule (still producing light emission at the coupler but not in the cochlea itself) and were restored imme diately after reopening the path, suggesting that the behavioral re sponses were not induced by visual cuing (the blue light emission at the coupler) or by other sensory cues (Fig. 5F ). Optogenetically trained gerbils transferred the avoidance behavior to acoustic stim ulation: Hit rates in acoustic stimulation sessions were comparable to hit rates using optogenetic stimulation from the first acoustic session on, and two of five tested gerbils crossed the barrier to the safe com partment already in response to the first acoustic stimulus, suggesting at least some degree of generalization between the percepts elicited by optogenetic and acoustic stimulation (Fig. 5G) .
After basic shuttlebox training, we estimated behavioral thresholds for light intensity and duration of the laser pulses. Here, within one session, target trials of either different light intensities or different pulse durations, as well as nontarget trials, were presented pseudo randomly. After six identical sessions (60 repetitions of each trial type), for each light intensity and pulse duration, we compared the hit rate of individual animals for each stimulus condition to the hit rate of nontarget trials in the same animal (P < 0.01). Testing different light intensities ranging from 0.1 to 25 mW, we found that the hit rate dropped sharply below 1.8 mW on average (1.8 J per pulse; 
Neuronal response properties in primary auditory cortex and cochlear spread of excitation
In an effort to further characterize the auditory signaling elicited by oCI, we performed in vivo extracellular recordings from layer IV of the contralateral primary auditory cortex (AI) while stimulating the AAVCatCh-transduced SGNs at the base of the cochlea with blue light (Fig. 6A) . When an AI neuron was isolated, we first mapped its best frequency (BF; sound frequency for which the maximal spike rate was obtained). BFs progressed to higher frequencies along elec trode tracks and covered the tonotopic range (Fig. 6B) . A total of 43 neurons in AI were studied of which 38 responded to pure tones with frequencies in the hearing range of gerbils. Among these, 20 neurons responded to optogenetic SGN stimulation (1ms pulse length and about 1Hz repetition rate) albeit at different thresholds. Among the total set of 43 neurons studied, 22 responded to individual light pulses.
A range of response types was found: Most of the neurons showed monotonically increasing firing rates with growing light intensity, whereas the firing rate of other neurons first rose but then decreased upon further enhancing light intensity (nonmonotonic response; monotonicity index, <0.5; Fig. 6, C and D) . Neurons with high BF (8 to 32 kHz) had a mean threshold of 1.4 ± 1.0 mW (SD; n = 5) consistent with the oABR and behavioral thresholds. Thresholds of lower BF neurons (1 to 8 kHz) were significantly higher (8.0 ± 9.5 mW; n = 12; P = 0.046), indicating that limited light spread in the cochlea occurs (Fig. 6E and fig. S9 ).
We followed up the aspect of light spread within the cochlea by a Monte Carlo ray tracing model based on an xray imaged gerbil cochlea with the 200m optical fiber implanted into scala tympani via the round window ( fig. S10A ). We modeled 3 million rays ( = 473 nm) to investigate the spread of excitation at the center of Rosenthal's canal, where the somata of SGNs are housed. With a fiber output of 1 mW (chosen from the thresholds for most sensitive neurons recorded in AI in the range around 10 kHz), we estimated the threshold for neuronal excitation in Rosenthal's canal to be 0.06 mW/mm 2 and the bandwidth of excitation to range from 10 to 14.7 kHz (0.56 octaves; fig. S10 , B and C). As expected, we observed an increased light spread with fiber outputs of 5 and 10 mW that reached superthreshold ir radiances at cochlear regions with BFs of 5.7 to 26.3 kHz (2.2 octaves) and 3.05 to 32.1 kHz (3.4 octaves), respectively ( fig. S9 , B and C). For these stronger light intensities, additional peaks of excited SGNs were observed: 0.51 to 0.87 (5 mW) and 0.39 to 1.34 kHz (10 mW; fig. S10 , B and C). We note that the projection of light from the round window does not represent the appropriate optical stimulation strategy for a future oCI.
Therefore, we also modeled the spread of excitation for light de livered by a small optical fiber (10 m of diameter with a 0.1 numerical aperture) as an ideal light emitter placed at four different locations in the center of scala tympani along the tonotopic axis each facing Rosenthal's canal that houses the SGN somata ( fig. S10D ). Our sim ulations revealed narrow light spread and indicated that excitation of distinct populations of SGNs can be achieved using optogenetic stimulation at emitter intensities in the range of microwatts (fig. S10, E and F).
Hearing restoration in a gerbil model of ototoxic deafness
Finally, we explored the potential of chronic oCI for restoring hearing in a gerbil model of ototoxic deafness. After measuring aABRs, AAV CatCh-injected gerbils were trained to detect 70dB click trains using the shuttlebox paradigm. Animals were then deafened by bilateral, intracochlear injections of kanamycin (2 l of 100 mg/ml) (21). Deafness was confirmed by the absence of aABR (up to the highest SPL amenable to our sound system (110dB SPL) and the inability to perform shuttlebox behavior with acoustic stimulation (Fig. 7A) .
We then implanted singlechannel oCIs and demonstrated opto genetic activation of the auditory pathway by means of oABR (Fig. 7 , B and C). Post hoc immunofluorescence analysis indicated the ab sence of hair cells from kanamycindeafened ears (Fig. 7D) . oABR thresholds of kanamycintreated chronically implanted gerbils were comparable to kanamycinuntreated chronically implanted gerbils (mean ± SD, 7.9 ± 3.5 mW; n = 4 in treated animals; mean ± SD, 6.9 ± 2.4 mW; n = 7 in untreated animals). Next, we tested whether these acoustically trained animals, which could not use acoustic cueing any longer upon deafening, could transfer the learned behavior or would (re)learn the behavior by the optogenetic stimulation (Fig. 7 , E to G). One of the four gerbils tested, immediately crossed to the safe compartment upon the first optogenetic stimulation with a final hit rate of more than 80%, suggesting transfer of the acoustically cued behavior to the optogenetic cue; the other animals learned to use the optogenetic cue within a few days. On average, acoustically pretrained and kanamycintreated oCI implanted gerbils took 2.0 days (±0.8 SD; n = 4) to relearn the task using an optical cue compared to 3.5 ± 1.7 days (n = 4; not different) when learning the task using acoustic stimulation in naive animals. As expected, the deafened gerbils could no longer use the acoustic cue even at the highest SPL amenable to our shuttlebox system (100dB SPL; Fig. 7H ). In con clusion, oCI stimulation of SGNs restored activation of the auditory pathway in a gerbil model of human ototoxic deafness as revealed by analysis of physiological and behavioral responses. neural populations and by behavioral analysis. CatChmediated op togenetic SGN stimulation drove the auditory pathway up to the AI and elicited avoidance behavior. Intramodiolar AAVCatCh injec tion achieved CatCh expression in about 50% of the injected cochleae, where about 30% of the SGNs were transduced. We did not find evidence for viral spread beyond the injected ear. All three cochlear turns were transduced to a similar extent, which contrasts the pri marily basal expression obtained with transuterine AAV injection (12) . The injection caused loss of SGNs (25%) that is likely to be due to the pressure injection, as it was also found in AAVCatCh-injected ears where no opsin expression was observed. Because calretinin is thought to stain a subset but not all SGNs, the use of calretinin staining Session no. After AAV-CatCh injection, ABRs were recorded, and gerbils were trained in the shuttlebox for 6 days using acoustic stimulation and finally deafened by bilateral intracochlear injections of Kanamycin solution. After deafness was confirmed using aABRs and a single shuttlebox session, animals were implanted with an optical fiber. Subsequently, oABRs were recorded, and shuttlebox experiments were performed using optogenetic stimulation. (B) aABR thresholds (individual data and mean ± SEM, n = 4) for logarithmically spaced pure tones ranging from 1 to 16 kHz and click stimuli, before (black triangles and solid line) and after deafening (red triangles and dashed line). (C) Representative aABR in response to a 60-dB click stimulus before deafening (black; top.). Absence of aABRs in response to 100-dB click stimuli and 1, 4, and 16 kHz pure tones after deafening (gray; middle). oABRs in AAV-CatChinjected oCI-implanted deafened animal (blue; bottom). Vertical dashed lines indicate stimulus onsets. All traces were recorded from the same animal. (D) Histological verification of IHC loss upon deafening. Overview of the apical turn of the organ of Corti in a control animal (top left) and a kanamycin deafened animal (bottom left). Phalloidin was used to stain actin prominently expressed in hair cells and supporting cells (red), and calretinin was used to stain SGNs and IHCs (cyan): Arrowheads point to the location of IHCs. Note the lack of IHCs in the deafened animals. Scale bars, 100 m. Right: Magnification of the regions outlined on the left side, respectively. Note that spiral ganglion afferents are still present in the deafened animal (bottom right). Scale bar, 10 m. Learning curves of shuttlebox behavior using 70-dB acoustic stimulation before deafening (E), 70 dB after deafening (F), optogenetic cues (G), and acoustic cues up to 100 dB after deafening (H). Solid and dashed lines indicate the mean hit rates ± SEM for target and nontarget trials, respectively. Filled and empty markers indicate the individual rates for each animal (n = 4). Different marker shapes correspond to different animals and are consistent throughout the figure. for identification of SGNs might have caused an underestimation of the number of SGNs and an overestimation of the transduction rate (22) . Hence, despite calretinin labeling the vast majority of SGNs in our experience, future studies should use more global neuronal markers to indiscriminately label all SGNs, such as βIII tubulin (23) . None theless, despite the relatively low SGN transduction rate in the present study, we obtained electrophysiological and behavioral responses in adult CatChpositive gerbils. The finding that oABR could already be elicited when 10% of the SGNs were transduced contrasts our previous study in which at least 40% of the transduced SGNs were needed to support optophysiological responses (12) . In contrast to the very large (10 to 100 s of microvolt) and de layed (3 ms) optically evoked farfield potentials reported for trans genic mice and rats, we observed smaller and earlier potentials with targeted viral optogenetic manipulation of the ear of gerbils (12) . These differences might be due to a more localized expression of CatCh in SGNs using injections into the adult spiral ganglion, com pared to the Thy1.2driven broad neuronal expression of ChR2 used in our previous work that might have resulted in optogenetic stim ulation extending to structures beyond the auditory pathway. In support of this hypothesis, here, oABRs and aABRs were more similar in amplitude and showed the expected short latency for direct opto genetic SGN stimulation. oABRs remained sizable for stimulus rates of up to 200 Hz, and the oABR amplitude reduction of 1.5fold ob served when raising stimulus rate from 10 to 150 Hz, was favorable compared to the aABR amplitude reduction (2.5fold), indicating that temporal fidelity of optogenetic coding might approach near physiological performance. We consider this an important advance over our previous work, which indicated much lower temporal fi delity (responses were only found up to 70 Hz) (12) . Our juxtacellular recordings from single SGNs confirmed specific, synchronized op togenetic excitation of SGNs up to repetition rate of 100 Hz for all recorded fibers. This result supports the temporal fidelity reported by oABR and is in accordance with the closing kinetic of CatCh (16 ms measured at room temperature) (14) . The lower spike precision and limited spike probability at stimulus rates beyond 100 Hz observed are likely compensated at the neuronal population level, as several SGNs jointly encode information from each place of the tonotopic map (24) .
We found considerable differences in oABR amplitudes among the gerbils. This variability might be due to differences in transduc tion rate, amount of CatCh expression among the transduced cells, and positioning of the optical fiber. Nonetheless, the key features such as the dependence of p1n1 amplitude and p1 latency on the radiant flux and rate of stimulation were comparable among different CatCh transduced animals. We could not determine the exact light propaga tion from the fiber aperture within the cochlea, and hence, it was not possible to determine the precise irradiance at a given point of the SGNs. However, we used a Monte Carlo ray tracing model to estimate the irradiance at the site of neural excitation. Considering the maximum light intensity used in our behavioral experiments (30 mW), we estimate the maximal irradiance at the site of SGN somata to be about 2 mW/mm 2 , which is within the safe range for optogenetic in vivo applications (up to ~75 mW/mm 2 for 0.5 to 50 ms pulses; even up to ~300 mW/mm 2 in some studies) (25, 26) . Fur thermore, the oABR longterm stability for >100 days observed here suggests absence of tissue damage due to optogenetic stimulation.
In 40% (8 of 20) of the tested animals oABR increased in amplitude when increasing light intensity more than one order of magnitude, in dicating an output dynamic range of optical coding >20 dB. Because the response did not plateau in most animals, the average apparent dynamic range of 16 dB is likely an underestimation. This contrasts with coding with eCI where typically <10dB dynamic range was reported (4) . This might reflect the lower spread of excitation with optical stimulation and differences in the expression of CatCh among SGNs at the tonotopic place of stimulation. Recordings of oABR re vealed a minimal stimulus duration of <200 s and an energy threshold of about 4.6 J per pulse. Recordings of singleneuron firing in AI confirmed this energy threshold. A recent study in awake primates demonstrated that about 40% of neurons in the auditory cortex could be driven by contralateral eCI stimulation (27) , whereas we observed 52% of neurons driven by oCI in the gerbil.
Our chronic experiments used a fiberbased singlechannel oCI that enabled stable stimulation over several weeks. This allowed longitudinal tracking of oABR and behavioral analysis of oCI func tion in individual gerbils. The absence of learning by PBSinjected animals rules out the sensation of optothermal or optoacoustic ef fects in the cochlea as a behavioral cue. In AAVCatCh-injected gerbils, behavioral estimates of thresholds for light pulse intensity and duration were lower than those obtained in our oABR experiments, indicating that activation of few neurons might suffice to trigger SGN stimulation. Still, behavioral experiments might have overestimated the energy threshold of oCI because postmortem xray phase con trast tomography of the implanted cochlea indicated nonoptimal projection to the spiral ganglion from the fiber. Therefore, the be havioral estimate of the energy threshold (2 J) is lower than the threshold obtained with physiological methods but might still over estimate the light required for triggering auditory perception.
Nonetheless, lowering the energy requirement, which currently exceeds the energy per pulse in eCI (0.2 J for biphasic pulses of 80 s), remains an important objective to fully capitalize on the potential of oCI for miniaturizing the stimulation site [for example, using 50msized lightemitting diodes (LEDs) compared to hundreds of micrometer for eCI], to avoid potential phototoxicity and thermal effects, and to enable acceptable battery lifetimes in future clinical oCI (4, 28, 29) . Such efforts include achieving greater transduction rates and stronger expression by optimizing virus capsid, promoter and virus preparation, and better positioning of emitter(s) in scala tympani by arrays of microLEDs or waveguides (29) . Our optical modeling indicated that placing an "ideal emitter" into scala tympani might markedly lower the energy required. Moreover, we expect that the higher energy requirements of the oCI due to the larger number of stimulation channels compared to eCI can be offset by lower rates of stimulation closer to the physiological SGN firing rates (24) .
Studies of acoustically and optogenetically guided avoidance be havior in the shuttlebox indicated that acoustic percepts were formed with both modes of stimulation of the auditory pathway (sound and light). Immediate transfer of optogenetically trained behavior to acous tic stimulation was observed in all five gerbils investigated, whereas the opposite (transfer of acoustically induced behavior to optogenetic stimulation) was found for one of four acoustically trained, sub sequently deafened, and oCIimplanted gerbils. By combining bi lateral deafening by intracochlear kanamycin injection with chronic oCI, our results suggest that restoration of auditory function might be achieved with oCI.
Together, the results of our present study demonstrate the feasi bility of optogenetic activation of the auditory system after AAVCatCh transduction in SGNs in adult gerbils. We find good temporal precision of optogenetically driven spiking in CatChexpressing SGNs. Activity propagates up to AI. Furthermore, acoustic perception was confirmed in behavioral experiments with hearing and deaf animals. Our work increases the viability of cochlear optogenetics as an alternative hearing restoration technology and lays the foundation for in depth preclinical research.
Next to the far from complete viral transduction of the spiral ganglion and the employment of CatCh, which has a relatively slow deactivation, our study was limited by the use of oCIs based on single optical fibers with nonideal light projection onto SGNs. Our ray trac ing model supports the expected potential for more spatially con fined stimulation of SGNs when choosing appropriate positioning of emitters. Next steps of developing oCIs toward clinical application should include studies of spectral resolution combining appropriate multichannel stimulationlike waveguide arraybased or micro LEDbased multichannel oCIs with electrophysiological and/or psycho physical studies of frequency and/or emitter discrimination (29) . Such investigation of the cochlear spread of excitation with more realistic oCIs will help to determine the number of independently usable stimulation channels of future oCIs.
MATERIALS AND METHODS
Study design
We aimed to investigate optogenetic viral constructs to transduce SGNs in an adult rodent model for their potential for optogenetic hearing restoration. Animals transduced with a suitable construct were further investigated with physiological, immunohistochemical, imaging, and behavioral methods.
Statistical analysis
All data shown in the figures are expressed as mean ± SD, unless stated otherwise. Unless noted otherwise, an α level of 0.05 was considered significant. For SGN recordings, the presence of two subpopulations of SGNs was confirmed using Akaike's informa tion criterion computed on the number of spike per pulse in re sponse to 10Hz light pulse train. Significance of different cutoff frequencies in these subpopulations was confirmed using the MannWhitney U test. Vector strength of SGNs was checked for significance using the Rayleigh criterion. If the Rayleigh statistic L was larger than 13.8, then the null hypothesis was rejected at the 0.001 significance level, and insignificant vector strengths were set to 0. For oABRs, an independent twosample t test was used to analyze potential threshold differences of optically evoked ABRs in acute measurements versus chronically implanted animals. The re lation between oABR amplitude and YFPexpressing SGNs was an alyzed using simple linear regression. For behavior, because the behavioral output of an animal in the shuttlebox (compartment change/no compartment change) is a categorical one, response rates for nontarget and target trails for each animal were compared against each other using a chisquare test (P < 0.01) to determine significant performance. For auditory cortex recordings, threshold differences for optical stimulation of auditory cortex units tuned to low (1 to 8 kHz) and high (8 to 32 kHz) frequencies were analyzed using a onesided independent twosample t test. The exact number of ani mals contributing to each experiment is listed in table S1. Raw data for graphs containing an animal n lower than 20 are given in table S2. Statistical analyses were performed using MATLAB R2016a, R 3.4.4, and Python 3.6.
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